Abstract-We present a 6-12-GHz external modulation fiberoptic link with a spurious-free dynamic range (SFDR) of 65.5 dB1MHz
agrees well with the performance predicted by the model, attesting to its usefulness.
Lastly, we describe a link architecture which differs from the one most often proposed for antenna-remoting systems. We use our modeling capability to show that this alternative link architecture can lead to improved performance at microwave and millimeter-wave frequencies.
II. EXTERNAL MODULATION LINK PERFORMANCE MODEL
At the input to an analog fiber-optic link, a microwave or millimeter-wave signal modulates the optical carrier which is to propagate in an optical fiber. The carrier is preferably a wavelength such as 1.3 or 1.55 m, at which commercially available optical fiber has low attenuation and dispersion. At the other end of the fiber, the modulating signal is retrieved from the optical carrier and electronically coupled to the output of the link.
In [6] , we have derived a model for the analog performance of an external modulation link. That model was valid only for frequencies at which the electrodes of the modulator could be modeled as lumped elements-that is, for frequencies at which the electrical wavelength was much greater than the electrode length. We later expanded this model [7] to account for the effects of nonquarter-wave bias operation. In the analysis that follows, we further generalize the model to account for use of a modulator with traveling-wave electrodes [cf. Fig. 1 (a) and (b)], which is necessary for external modulation of an optical carrier at millimeter-wave frequencies.
A. Traveling-Wave Modulator
The electrodes of a traveling-wave modulator (in which electrode length is a significant fraction of, or greater than, the RF modulation wavelength) can be modeled as a transmission line of characteristic impedance terminated by a load impedance . Fig. 1(b) shows a distributed circuit model for a generalized coplanar electrode structure consisting of periodic phase-reversed sections. The electrode phase-reversing technique helps to overcome a modulation bandwidth limitation imposed by a mismatch between the electrical and optical-wave velocities [8] . For a traveling-wave modulator without phase-reversal electrodes, is equal to 1. The impedance looking toward the load from a position along the electrodes is [9] (1) 0018-9480/97$10.00 © 1997 IEEE where the electrical propagation constant has real and imaginary parts and . Most external modulator models assume electrodes with negligible loss (i.e., ) and a characteristic impedance equal to the termination impedance. In general, these are seldom accurate assumptions for traveling-wave modulators operating across broad ranges of microwave and millimeter-wave frequencies. Modeling the traveling-wave modulator thus requires that , , , and be determined from its equivalent circuit, which is obtained by selecting logical element values for the model so that its impedance yields the reflection coefficient of (2) This reflection coefficient is de-embedded from a measurement of the scattering parameter at the packaged modulator's RF input port. In (2) , is the total length of the modulator transmission line. Note that at any frequency is unaffected by the phase-reversal process (and is, therefore, independent of ). How the phase-reversed electrode structure affects the modulator transfer function is via the relationship between the optical power output and the voltage input.
In Mach-Zehnder modulators, a coherent optical wave is split into two paths; intensity modulation is achieved by phasemodulating the optical carrier in one path relative to the other and interferometrically combining the two paths. For a traveling-wave Mach-Zehnder modulator, the unmodulated CW optical output power and the magnitudes of modulated output power at fundamental frequency and third-orderintermod frequency are, respectively,
and (5) In (3)- (5), is the optical power coupled into the modulator, is the modulator's optical insertion loss, and is its dc half-wave voltage. We define as the quarter-wave bias voltage, and , , and denote the ordinary Bessel functions of the zeroth, first, and second order, respectively. The effects of the traveling-wave electrode structure and the phase-reversal process are represented in the term , which was derived in [9] from Alferness's equations [8] (6)
In this equation, is the optical refractive index of the modulator electrodes, is the electro-optic tensor in the external modulator material (with units of m V ), is the inter-electrode gap, is the overlap integral between the applied electric field and the optical mode, and is the optical wavelength. The "walk-off" coefficient is defined as follows: (7) where the effective dielectric constant of the transmission line is calculated from known and measurable characteristics of the modulator electrodes. The terms and are also known for any modulator substrate, , , and are easily measured, and , , and are determined from the modulator's equivalent circuit model.
B. Detector
The detector in the optical receiver module [ Fig. 1(c) ] is a reverse-biased photodiode with resistance and capacitance . It is coupled to the output circuit with parasitic resistance and inductance . In our model, we assume that the detector dc bias voltage is sufficiently large to ensure that it doesn't impose an upper limit on the link's RF power handling capability.
The ratio of detector photocurrent to is , where is the attenuation loss in the fiber and at any fiber connectors, is the fiber-todetector coupling efficiency, is the detector responsivity, and is the detector frequency response, given by (8) where the bias-dependent term is the frequency at which the detector's responsivity to incident RF-modulated optical power falls off by 3 dB relative to the dc responsivity .
C. Gain Analysis
The small-signal gain of an external modulation link employing a lumped-element modulator was derived using the signal flow diagram (SFD) technique in [6] . The majority of that analysis holds for the traveling-wave modulator case as well. All changes to the model in [6] resulting from the use of a traveling-wave modulator are embodied in (1)- (8) .
As was shown in [6] , small-signal approximations of the Bessel functions are used to calculate the link gain. For small (compared to ), (4) above reduces to (9) which is analogous to an expression in [6] which was applied in the lumped-element modulator case (and as such did not account for the effects in the term). Expressions derived in this paper for a traveling-wave modulator yield the following revised equation for the small-signal gain of a traveling-wave modulator-based external modulation link (10)
D. Noise Analysis
Analytical determination of the link noise figure (NF) requires calculation of , the noise power at the output of the link at the modulation frequency.
is the total of: 1) , the optical transmitter's thermal noise; 2)
, the optical receiver's thermal noise; and 3)
, the noise arising from optical generation and detection of the signal, i.e., (11) where it has already been shown [6] that (12) (13) and (14) In these equations, is the impedance of the input and output of the link, is the laser's relative intensity noise (RIN), is the electronic charge, and the detector's dark current is assumed to be negligible. All other terms are defined previously or in Fig. 1 . Using (11)- (14) to determine , the NF of the link is calculated as follows [6] : 
E. Intermodulation Distortion Analysis
The upper limit to spurious-free DR (SFDR) of an external modulation fiber-optic link is the third-order intercept input power , for which the output powers at the fundamental and third-order intermodulation frequencies are equal. was derived in [6] for the lumped-element electrode case. The only difference which must be taken into account when a traveling-wave modulator is used instead is the modified argument of the Bessel functions, resulting in (16) This parameter and the NF together set the SFDR [6] as follows:
(17)
III. EXPERIMENTAL VERIFICATION OF THE MODEL
To assess the validity of the model, we compare its predictions to the measured performance of an experimental external modulation link. This section describes a link using a traveling-wave modulator designed for operation across a broad microwave frequency band (6-12 GHz). All link measurements were performed at the modulator's quarterwave voltage , the modulator's bias-dependent behavior modeling having been established in [7] .
A. Device Selection and Modeling
An LiNbO Mach-Zehnder device manufactured by uniphase telecommunications products (UTP's) is selected as the external modulator. This modulator has achieved a bandpass response between approximately 1-19 GHz by using a two-section phase-reversal traveling-wave electrode structure, and exhibits a 29-dB extinction ratio when TEpolarized light at m is launched into its polarization-preserving input single-mode fiber pigtail. Its dc half-wave voltage is measured as 4.4 V. For the detector an InGaAs p-i-n photodiode is selected with a dc responsivity of A/W and a measured 3-dB modulation bandwidth, , of 9 GHz when reverse-biased at 20 V. The photodetector is mounted in a standard microwave test fixture to enable de-embedding its impedance out of the measured scattering parameter of the device in the test fixture [6] . Fig. 1(b) ] and , ,
, and for the detector [cf. Fig. 1(c) ] to the deembedded impedances of these devices. The equivalent circuit models have made it possible to determine how the 50-input and output microstrip transmission lines in the modulator and detector packages, respectively, could be altered to yield a link insertion loss characteristic which is as flat as possible across the link-design frequency band of 6.0-12.0 GHz. Fig. 2 depicts the equivalent circuit models of the reactive impedance-matching circuits optimized in this way. Return losses of 13.5 and 6.3 dB are measured at 12 GHz for the traveling-wave modulator and detector, respectively, when the circuit component values are adjusted to achieve optimum gain flatness.
In order to maximize the performance of the external modulation link, a single-mode fiber-pigtailed Nd:YAG laser with 40 mW of optical power at m is used as the optical source. The laser and the optical receiver are optically coupled to the modulator's input and output fibers, respectively, and the input optical polarization is adjusted to maximize the ratio of optical power measured at the "on" and "off" modulator voltages. At the quarter-wave bias point , a dc photocurrent of 5.2 mA is measured. The frequency-dependent parameter is calculated from an optical noise power measurement using an RF spectrum analyzer with an optical input port. The equivalent circuit models of the optical transmitter and receiver modules are used to determine values for all the other frequencydependent parameters-namely , , , , , and -at frequencies between 5-15 GHz. These parameters, along with those indicated in Fig. 2 , are used in (1)-(17) to predict , NF, and SFDR for the experimental link.
B. Link Measurements
Table I summarizes the measured performance of the experimental external modulation link at three frequencies-6, 9, and 12 GHz-and compares it to the performance predicted by the model at these frequencies. For the quarter-wave bias voltage , the insertion gain predicted by the model is plotted in Fig. 3 alongside the insertion gain of the link as measured using an RF network analyzer. Both curves exhibit 1 SuperCompact is a trademark of Compact Software, Inc., Paterson, NJ. 3-dB rolloff frequencies at about 12 GHz, and peak at roughly 9 GHz. The curve shapes also track fairly well, showing that the model serves to adequately predict the performance of a broad-band microwave link.
Using (11)- (15), the link's noise is calculated at 6, 9, and 12 GHz. The NF was also experimentally determined using an RF noise measurement setup described in [6] . As listed in Table I , the NF measured at 9 GHz is 47.5 dB. This nearly matches the analytically determined 9-GHz NF result of 45.7 dB.
The two-tone intermodulation distortion of the link is measured at two third-order intermodulation product frequencies surrounding microwave carrier frequencies of 6, 9, and 12 GHz using an experimental setup described in [7] . Table I lists the SFDR determined from these measurements, as well as the DR predicted by the link model. The tendency for the model to be somewhat pessimistic in its SFDR predictions, as shown in Table I , could be due to the difficulty with which electrical parasitic parameters are pinpointed in the optical transmitter and receiver equivalent circuit models. In fact, at the microwave frequencies above 6 GHz, inductance errors of less than 0.1 nH and line-length errors of less than 0.1 mm are sufficient to cause significant discrepancies between a physical device's or circuit's behavior and that of its equivalent circuit model. Fig. 4 . Example of how using the T/R-level data-mixing architecture enables millimeter-wave link performance which can only be achieved at much lower microwave frequencies if the conventional CPU-level data-mixing architecture is used.
IV. TRANSMIT/RECEIVE MODULE-LEVEL DATA-MIXING ARCHITECTURE
Most antenna-remoting system architectures use mixers to down-convert RF signals to IF frequencies at the output of the coax-cable or fiber-optic remoting links (i.e., at the central processing unit (CPU) level). Down-conversion can also be performed at the transmit/receive (T/R) module level [10] . Detailed block diagrams of the CPU-level and T/R-level datamixing architectures have been presented elsewhere [11] . In the more conventional CPU-level data-mixing architecture, the single-sideband (SSB) mixing of an IF or baseband signal (with frequency ) with a local oscillator (LO) (at frequency ) generates the transmit RF signal . The same LO at the CPU can be used to down-convert the received RF signal. In the T/R-level data-mixing architecture, the highfrequency LO and IF data signals are separately imposed on two optical carriers, and are mixed at the antenna end of the link to construct or de-construct the desired RF signal. Thus, the performance of the LO link need only be optimized at a single high frequency , and the IF data can be relayed efficiently and with low noise by a lower frequency microwave fiber-optic link. This usually results in improved RF performance, especially in cases where the desired RF frequency band is exceedingly high, broad, or both. Fig. 4 renders as a function of frequency the input third-order intercept power, output noise power, and SFDR-calculated using our analytical model-which can be achieved using the components of our 6-12-GHz experimental link in the conventional CPU-level data-mixing configuration. The measured DR of the 6-12 GHz link is also shown.
Following through an example of a link using T/R-level data mixing illustrates the advantages of this architecture. As an example of SATCOM applications, a 31.5-34.5-GHz link is considered. Fig. 4 illustrates the extent to which performance is sacrificed at these frequencies when the CPU-level mixing approach is used, due to the fact that this architecture requires the external modulator to function at RF frequencies beyond the walk-off frequencies of most currently available devices (arising from the microwave optical-wave velocity mismatch) and also demands a high-bandwidth detector with large powerhandling capability. The T/R-level data-mixing approach imparts design flexibility in that the 3-GHz RF bandwidth around a center frequency of 33 GHz can be achieved using any combination of narrow-band LO and broad-band IF fiber-optic links whose frequencies add up to 31.5-34.5 GHz. Fig. 4 shows the 6-12-GHz link described above being used from 6 to 9 GHz as the IF link in conjunction with a narrow-band 25.5-GHz LO link. RF-IF mixer technology is likely to reach the point where it can be assumed that the range of the resulting RF output powers from the mixed outputs of the IF and LO links will be essentially that of the IF link. Thus, T/R-level data mixing could result in 31.5-34.5-GHz link performance approximately equal to that of a 6-9-GHz link.
V. DISCUSSION AND CONCLUSIONS
For antenna-remoting applications at millimeter-wave frequencies above the rated bandwidths of commercially available electro-optic devices, it is expected that higher performance will be obtained using the T/R-level data-mixing architecture. Compared to the CPU-level data-mixing architecture, T/R-level data mixing requires that a mixer be located at the antenna along with a LO (unless the LO is delivered by a separate fiber-optic link). The payoff, however, lies in the fact that by using the nonlinearities of the modulator, detector, or mixer, much higher modulation frequencies can be obtained. For instance, at the antenna site, a millimeter-wave transmit RF signal can be constructed by mixing the optically fed IF signal with an th-order harmonic of the optically fed microwave LO (using the mixer's nonlinearity to both up-convert and mix). In this way, the IF link can be operated at modest microwave frequencies where the electro-optic devices exhibit efficient and low-noise performance characteristics.
In conclusion, we have expanded previously published external modulation fiber-optic link performance models [6] , [7] to predict the broad-band performance resulting from the use of a modulator with traveling-wave electrodes. We demonstrated the usefulness of the model by showing that it predicted fairly closely the measured gain, NF, and SFDR of a 6-12-GHz link which employed a LiNbO traveling-wave external modulator. Finally, we used the model to compare the fiberoptic link performance enabled by two architectures-CPUlevel data mixing and T/R-level data mixing. Assuming that we were not limited by the mixer's performance, we analytically showed that the T/R-level data-mixing architecture would enable millimeter-wave link performance which can only be achieved at much lower microwave frequencies if the CPUlevel data-mixing architecture is used.
